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In mammalian cells the Cdc25 family of dual-specificity phosphatases has three distinct isoforms, termed A, B, and C,
which are thought to play discrete roles in cell-cycle control. In this paper we report the cloning of Xenopus Cdc25A and
emonstrate its developmental regulation and key role in embryonic cell-cycle control. Northern and Western blot analyses
how that Cdc25A is absent in oocytes, and synthesis begins within 30 min after fertilization. The protein product is
ocalized in the nucleus in interphase and accumulates continuously until the midblastula transition (MBT), after which it
s degraded. Upon injection into newly fertilized eggs, wild-type Cdc25A shortened the cell cycle and accelerated the timing
f cleavage, whereas embryos injected with phosphatase-dead Cdc25A displayed a dose-dependent increase in the length of
he cell cycle and a slower rate of cleavage. In contrast, injection of the phosphatase-dead Cdc25C isoform had no effect.
estern blotting with an antibody specific for phosphorylated tyr15 in Cdc2/Cdk2 revealed a cycle of phosphorylation/
ephosphorylation in each cell cycle in control embryos, and in embryos injected with phosphatase-dead Cdc25A there was
twofold increase in the level of p-tyr in Cdc2/Cdk2. Consistent with this, the levels of cyclin B/Cdc2 and cyclin E/Cdk2
istone H1 kinase activity were both reduced by approximately 50% after phosphatase-dead Cdc25A injection. The
hosphatase-dead Cdc25A could be recovered in a complex with both Cdks, suggesting that it acts in a dominant-negative
ashion. These results indicate that periodic phosphorylation of Cdc2/Cdk2 on tyr15 occurs in each pre-MBT cell cycle, and
ephosphorylation of Cdc2/Cdk2 by Cdc25A controls at least in part the length of the cell cycle and the timing of cleavage
n pre-MBT embryos. The disappearance of Cdc25A after the MBT may underlie in part the lengthening of the cell cycle at
hat time. © 1999 Academic Press
i
GINTRODUCTION
In most eucaryotic cells, entry into mitosis is catalyzed
by the Cdc25C-dependent dephosphorylation of tyr15 in
the Cdc2 subunit of the cyclin B/Cdc2 complex, which
activates its protein kinase activity (Gautier et al., 1991;
Kumagai and Dunphy, 1991; Lee et al., 1992; Millar et al.,
1991; Strausfeld et al., 1991). However, in the presence of
damaged or unreplicated DNA, the activation of Cdc25C is
delayed, suggesting that this enzyme is the end point of
cell-cycle checkpoints controlling entry into mitosis (Izumi
et al., 1992; Kumagai and Dunphy, 1992; Peng et al., 1997).
n addition to Cdc25C, other isoforms of Cdc25, termed A
nd B, have been identified in mammalian cells. The A formo
1 To whom correspondence should be addressed. E-mail:
Jim.Maller@uchsc.edu.
0012-1606/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.s most abundant at the G1/S transition (Hoffmann et al.,
1994; Jinno et al., 1994), whereas the B form is active at the
2/M transition (Gabrielli et al., 1997; Lammer et al.,
1998). Studies in Xenopus oocytes, embryos, and egg ex-
tracts in this and other laboratories have shown that the
Cdc25C isoform can control entry into M phase, and
Cdc25C is itself activated by serine/threonine phosphory-
lation at the G2/M transition (Izumi and Maller, 1993, 1995;
Izumi et al., 1992; Kumagai and Dunphy, 1992). Recent
evidence suggests that this activating phosphorylation is
initiated by the polo-like kinase Plx1 (Kumagai and Dun-
phy, 1996; Qian et al., 1998) and is then maintained in part
by a positive feedback loop between cyclin B/Cdc2 (MPF)
and Cdc25C (Izumi and Maller, 1993).
In Xenopus the first cell cycle after fertilization displays
a very long G2 phase with abundant tyr15 phosphorylation
f Cdc2 (Ferrell et al., 1991), but it has been reported that in
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382 Kim, Li, and Mallercycles 2–12, which are much shorter, tyr15 phosphorylation
of Cdc2 is absent (Ferrell et al., 1991; Hartley et al., 1996)
despite the up-regulation after fertilization of an embryonic
form of Wee1, a tyrosine kinase that phosphorylates tyr15
in Cdc2/Cdk2 (Murakami and Vande Woude, 1998). Cycle
13 marks the beginning of the midblastula transition
(MBT), characterized by new zygotic transcription and
longer cell cycles that include Cdc2 tyr15 phosphorylation
and G phases (Newport and Kirschner, 1982; Ferrell et al.,
1991; Hartley et al., 1996). In Drosophila, the timing of an
equivalent maternal to zygotic transition is controlled in
part by changes in expression of Cdc25 homologs (Edgar and
Datar, 1996). To investigate the possible role of a Cdc25A
isoform in cell-cycle changes at the MBT, degenerate PCR
primers based on mammalian Cdc25A were used to clone a
Xenopus form of Cdc25A from a Stage 28–30 head cDNA
library. In this paper the developmental expression of
Cdc25A is examined and the importance of the enzyme in
pre-MBT cell-cycle control is evaluated.
MATERIALS AND METHODS
Cloning and Mutagenesis of Xenopus Cdc25A
mRNAs were prepared from asynchronously growing XTC cells
with the Fast Track 2.0 mRNA isolation kit (Invitrogen) and
cDNAs were generated by Superscript II reverse transcriptase (Life
Technologies). A pair of degenerate oligonucleotides derived from
two highly conserved regions of three cloned mammalian Cdc25A
genes was used for PCR amplification. The IDCRYPYE motif was
used for the 59 primer 59-ATHGAYTGYMGITAYCCITAY-
ART-39 and the CEFSSERG motif was used for the 39 primer
59-CCICKYTCISWISWRAAYTCRCA-39 (R 5 A 1 G, Y 5 C 1 T,
5 C 1 G, M 5 A 1 C, K 5 T 1 G, W 5 A 1 T, and H 5 A 1 T 1
). A PCR fragment (;180 bp) was then radiolabeled for use as a
robe to screen a Xenopus Stage 28–30 head cDNA library (in lZap
II, a gift from R. Harland). A full-length clone (xCdc25A) was
partially sequenced on both strands using a Sequenase version 2.0
DNA sequencing kit (Amersham). Additional sequencing was
carried out by the DNA Sequencing and Analysis Core of the
University of Colorado Cancer Center. The coding region of
wild-type Cdc25A was cloned into the pOTV vector (Qian et al.,
1998), and a catalytically inactive Cdc25A mutant (C432A) was
generated by mutating cysteine 432 to alanine in the conserved
active site (Xu and Burke, 1996). Oligonucleotides for the PCR
reactions were 59-ATTGAGCGCTTTGTGGTTATTG-39, 59-TA-
TCTTCCACGCAGAGTTCTCATC-39, and 59-CGGCTGTACA-
TTCTCTCTTG-39 (Picard et al., 1994).
Embryos and Microinjection
Xenopus eggs were fertilized as described (Hartley et al., 1997)
nd staged according to Nieuwkoop and Faber (1975). Embryos
ere injected as described previously (Hartley et al., 1996). Unless
therwise indicated Cdc25A was injected as 22 nl of a 0.1
g/ml solution. This is similar to the amount of Cdc25A present
t Stage 8.
Copyright © 1999 by Academic Press. All rightWhole-Mount Immunofluorescence and Confocal
Microscopy
For whole-mount immunofluorescence analysis, embryos were
fixed in methanol, processed, and costained as described (Gard et
al., 1990) with a rabbit anti-Cdc25A antibody and an anti-a-tubulin
monoclonal antibody (Sigma DMIA). Fluorescent secondary anti-
bodies were Lissamine rhodamine-conjugated donkey anti-rabbit
IgG and Cy-2-conjugated donkey anti-mouse IgG antibodies, re-
spectively, both from Jackson ImmunoResearch. Confocal micros-
copy was performed with a Bio-Rad MRC-600 confocal microscope.
Immunoblotting and Immunoprecipitation
The procedures for Western blots and immunoprecipitations
were as described previously (Rempel et al., 1995; Hartley et al.,
1996; Qian et al., 1998). For p-tyr15 blots a commercial antibody
(New England Biolabs) directed against a phosphopeptide sequence
that is identical in Cdc2 and Cdk2 was used. Extract corresponding
to one embryo per lane was loaded. Previous data have shown
(Rempel et al., 1995; Hartley et al., 1996) that the level of Cdc2 and
Cdk2 is constant throughout early Xenopus development. There-
fore, in blots only the level of p-tyr15 Cdc/Cdk2 is presented.
Northern Blot Analysis
RNA preparation and Northern analysis were performed as
described (Sible et al., 1997). As a control for RNA loading, blots
were stripped and reprobed for c-src mRNA, which is constant
during early Xenopus development (Steele et al., 1989; Su et al.,
1996).
Generation and Purification of GST-Tagged
Recombinant Cdc25A–Wild-Type or –C432A
Protein and Purification of GST-Cdk2/Cyclin E
Coding sequences for either WT- or phosphatase-dead C432A–
Cdc25A (Xu and Burke, 1996) were subcloned into pGEX2T (Phar-
macia) and subsequently into pVL1393 (Invitrogen) to generate
recombinant baculoviruses. Recombinant proteins were produced
in Sf9 cells, and GST-tagged Cdc25A proteins were purified using
glutathione–agarose beads (Sigma) as described by Izumi and Maller
(1993). Proteins were dialyzed extensively against buffer containing
20 mM Hepes, pH 7.5, 88 mM NaCl, 7.5 mM MgCl2, and 10 mM
b-mercaptoethanol at 4°C, and aliquots were stored at 280°C.
GST-Cdk2/cyclin E phosphorylated on tyr15 was purified by
glutathione–agarose chromatography from Sf9 cells triply infected
with baculoviruses encoding Xenopus Cdk2, Xenopus cyclin E, and
human Wee1 (Parker et al., 1995). Even though the sequence
surrounding tyr15 is identical in Cdc2 and Cdk2, much higher
levels of tyr15-phosphorylated product could be obtained by bacu-
lovirus expression of cyclin E/Cdk2 than was evident in infections
with cyclin B/Cdc2. Therefore antibody blocking experiments (Fig.
4b) were carried out with cyclin E/Cdk2.
RESULTS
The xCdc25A gene predicts a protein of 525 amino acid
residues with a molecular weight of 67 kDa that exhibits
72% identity in the catalytic domain with the human
s of reproduction in any form reserved.
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383Cdc25A in Early Xenopus EmbryosCdc25A isoform (Fig. 1). It is more similar to the A isoform
than the B isoform (64%). Unlike the case for the Cdc25C
isoforms, where xCdc25C is larger than its human ho-
molog, the predicted human and Xenopus Cdc25A isoforms
re similar in molecular weight. The amino terminal non-
atalytic half of xCdc25A is more divergent, with 53%
dentity to the human homolog. While this work was in
rogress, a very similar but not identical sequence of
enopus Cdc25A was reported (Okazaki et al., 1996). The
equence differences are most likely due to the allotet-
aploid nature of the Xenopus genome. Northern blot anal-
sis (Fig. 2a) indicates that the gene is maternally expressed,
nd Western blot analysis shows that xCdc25A is absent in
ocytes and unfertilized eggs. Synthesis begins within 30
in of fertilization, and the protein product accumulates
ontinuously until the MBT (Stage 8.5), after which it is
egraded (Fig. 2b). This high expression pattern of a pre-
umed G1 component is unexpected, since pre-MBT cycles
lack a detectable G1 phase; however, it is very similar to the
xpression pattern of another maternal component origi-
FIG. 1. Comparison of human and Xenopus Cdc25A. The predicte
described under Materials and Methods is aligned with that of the
boxed in black and the putative nuclear localization signals are boxe
The nucleotide and amino acid sequences have been deposited inally expected to be important only for G1, cyclin E/Cdk2
Hartley et al., 1996). Studies in both Xenopus and Drosoph-
Copyright © 1999 by Academic Press. All rightla embryos have shown that when maternal cyclin E/Cdk2
ctivity is inhibited, the length of the cell cycle increases
nd maternal to zygotic transitions are delayed (Hartley et
l., 1997; Knoblich et al., 1994). This has suggested that a
igh level of maternal expression of a predicted G1 compo-
nent contributes to the brevity of the early cell cycles. This
idea is supported by studies in mammalian cells showing
that overexpression of G1 cyclins dramatically shortens the
ength of G1 phase (Herzinger and Reed, 1998; Quelle et al.,
1993; Resnitzky et al., 1994, 1995).
The Wee1 protein kinase is a major kinase activity
responsible for tyr15 phosphorylation of Cdc2 in cells from
yeast to man. Previous results have shown that changing
after fertilization the expression of wild-type or kinase-dead
xWee1 can alter the length of the first cell cycle (Murakami
and Vande Woude, 1998), which is 90 min in length and
contains a G2 phase with tyr15 phosphorylation of Cdc2.
owever, because Xenopus cycles 2–12 are much shorter
26 min) and lack a G2 phase despite a high Wee1/Cdc25C
ratio (Murakami and Vande Woude, 1998), it seemed pos-
ino acid sequence of the Xenopus Cdc25A (525 residues) cloned as
an homolog (Galaktionov and Beach, 1991). Identical residues are
rows designate the regions used to design degenerate PCR primers.
ank under Accession Number AF090829.d am
humsible that the high expression of Cdc25A in pre-MBT cycles
counteracts the activity of Wee1. This possibility is sup-
s of reproduction in any form reserved.
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384 Kim, Li, and Mallerported by the nuclear localization of Wee1 and the presence
of a putative nuclear localization signal (NLS) in Cdc25A
(Fig. 1). This NLS may be functional inasmuch as confocal
analysis of Cdc25A in late blastulae demonstrates that it
accumulates in the nucleus in interphase (Fig. 4a). To
evaluate whether Cdc25A can control the length of the cell
cycle, a catalytically inactive, phosphatase-dead form of
Cdc25A was GST tagged and expressed in Sf9 cells, purified
on glutathione-agarose beads, and injected into newly fer-
tilized eggs prior to the appearance of endogenous Cdc25A.
As shown in Fig. 3, development was substantially delayed.
In particular, when control (buffer-injected) embryos had
FIG. 2. Maternal expression of Xenopus Cdc25A. (a) Northern blo
taged embryos and probed for Cdc25A using the Prime-a-Gene lab
rrowhead marks the position of Cdc25A predicted from the cod
ndicated on the left. (b) Western blot analysis. Eggs or staged e
entrifuged for 5 min in a microcentrifuge. Extract equivalent to on
locked in 10% blotto containing 0.1% Tween 20 for 2 h at roo
vernight at 4°C, washed, incubated with horseradish peroxidase
hemicals) at 1:15,000 for 1 h at room temperature, and visualize
ndicated on the left. Similar results were obtained in five indepennearly reached the MBT (Stage 8.5), dead-Cdc25A-injected
embryos were only at Stage 4.5. Figure 4c shows the
b
e
Copyright © 1999 by Academic Press. All rightppearance 260 min after fertilization of such delayed
mbryos, in which slowing of the cell cycle is evident as a
arger cell size due to a reduction in the rate of cleavage. At
igher concentrations of phosphatase-dead Cdc25A, the
ate of cleavage was even slower (data not shown). Slowed
mbryos continued to divide and remained viable until the
ime of the MBT in control embryos, after which they died
erhaps due to failure of zygotic transcription (Sible et al.,
997) (data not shown).
When purified wild-type Cdc25A was injected into newly
ertilized eggs, the cell cycle was shortened as judged by an
ccelerated rate of cleavage (Fig. 4b). When injected into a
alysis. Total RNA (20 mg) was prepared from unfertilized eggs and
g system (Promega) according to the manufacturer’s protocol. The
equence and the long 39 UTR. The position of RNA markers is
os were homogenized in 10 vol of EB (Hartley et al., 1996) and
or embryo was resolved on gels, transferred to nitrocellulose, and
mperature. The blot was incubated with anti-Cdc25A antibody
ugated donkey anti-rabbit secondary antibody (Jackson Immuno-
ECL (Amersham). The position of molecular weight markers is
experiments.t an
elin
ing s
mbry
e egg
m te
-conjlastomere of a two-cell embryo, there was little or no
ffect (data not shown), most likely because high levels of
s of reproduction in any form reserved.
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385Cdc25A in Early Xenopus Embryosendogenous wild-type Cdc25A are evident by that time (Fig.
2). These results indicate that changes in the expression of
Cdc25A can alter the length of the cell cycle after fertiliza-
tion.
Previous work has shown that the length of the cell cycle
can be controlled by the rate of accumulation of cyclin B
and formation of cyclin B/Cdc2 kinase activity (Murray and
Kirschner, 1989; Hartley et al., 1996) as well as by the
ctivity of cyclin E/Cdk2 (Hartley et al., 1997), and these
omplexes are substrates for Cdc25 phosphatases (Xu and
urke, 1996). Therefore, the level of activity of these Cdk
omplexes was determined in control and phosphatase-dead
dc25A-injected embryos. As shown in Fig. 5a the activity
f both cyclin B/Cdc2 and cyclin E/Cdk2 was reduced by
pproximately 50%. Previous work has shown that
hosphatase-dead Cdc25 isoforms are still able to bind
hosphorylated substrates (Xu and Burke, 1996). Therefore,
mmunoprecipitates of each Cdk complex were Western
lotted for the injected dead-GST-Cdc25A. As shown in Fig.
FIG. 3. Delayed development following expression of catalyti-
cally inactive Cdc25A. Newly fertilized eggs were injected with the
catalytically inactive (phosphatase-dead) GST-Cdc25A protein or
with buffer, and stages of development were monitored by a
dissecting microscope as a function of time. The pooled data from
three independent experiments are shown at two times after
fertilization. On the ordinate developmental stages are taken from
Nieuwkoop and Faber (1975). Error bars denote SEM (n 5 3).
Similar results were observed in several other experiments in
which development was monitored at different times than those
shown here.a (bottom), both Cdk complexes were associated with the
njected phosphatase, suggesting that it could sequester the
Copyright © 1999 by Academic Press. All rightdk/cyclin substrate and prevent its dephosphorylation. In
his situation, the dead Cdc25A is acting as a dominant-
egative construct. To assess directly whether the phospho-
yrosine content of Cdc2/Cdk2 was affected by injection of
hosphatase-dead Cdc25A, embryo samples were blotted
or p-tyr15 using a new, highly sensitive, phosphospecific
ntibody generated against the sequence around p-tyr15 in
dc2/Cdk2. As shown in Fig. 5b, there was at least a
wo-fold increase in p-tyr15 content in the dead Cdc25A-
njected embryos, whereas injection of the dead Cdc25C
soform had no effect compared to buffer-injected controls.
his is consistent with the failure of dead Cdc25C injection
o cause slowing of the cell cycle (data not shown). These
esults indicate that the mechanism accounting for reduced
1 kinase activity of both Cdk complexes is an increase in
he fraction of molecules that are phosphorylated on tyr15.
The results above show that using the phosphospecific
ntibody to the p-tyr15 local sequence, some level of
dc2/Cdk2 phosphotyrosine phosphorylation is evident
ven in control, buffer-injected oocytes. This is in contrast
o previous results in this and other laboratories in which
estern blots using less sensitive non-sequence-specific
ntiphosphotyrosine antibodies show no detectable p-tyr15
n cycles 2-12 (Ferrell et al., 1992; Hartley et al., 1996). To
einvestigate p-tyr15 content of Cdc2/Cdk2 in such cycles
ith the more sensitive phospho-sequence-specific anti-
ody, newly fertilized eggs were examined for p-tyr15
ontent at 5-min intervals from 30 to 150 min, encompass-
ng the first three cell cycles. As shown in Fig. 6a there was
high accumulation of p-tyr15 Cdc2/Cdk2 in the G2 phase
of cycle 1, as reported previously. However, importantly, a
cycle of tyr15 phosphorylation/dephosphorylation occurred
in cycles 2 and 3, although at a much lower (10%) level than
was the case in cycle 1. Although both Cdc2 and Cdk2 differ
in molecular weight by 1 kDa, they essentially comigrate
on the gels used for Western blot analysis. Since both Cdks
bind to phosphatase-dead Cdc25A (Fig. 5a) and both have
reduced kinase activity, the signal evident in Fig. 6 is from
both Cdc2 and Cdk2. The signal is specific as shown by the
ability of a p-tyr15 Cdk complex to block the signal (Fig.
6b).
DISCUSSION
These data have several implications for the analysis of
pre-MBT cell cycles in Xenopus. First, they indicate that
even the short cell cycles like those in cycles 2–12 experi-
ence transient phosphorylation of Cdc2 and Cdk2 on tyr15,
and dephosphorylation is necessary for the very short cell-
cycle times in embryos that account for the rapid rate of
cleavage. Although mitosis still occurs in embryos injected
with dominant-negative Cdc25A, presumably due to the
periodic activation of Cdc25C (Hartley et al., 1996),
Cdc25A phosphatase plays an important role in controlling
the length of the cell cycle. It had previously been reported
by ourselves and others that p-tyr in Cdc2/Cdk2 is absent in
s of reproduction in any form reserved.
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386 Kim, Li, and MallerFIG. 4. Analysis of Cdc25A in early embryos. (a) Nuclear localization of Cdc25A. Stage 7–8 embryos were collected, processed, and stained
for both Cdc25A and a-tubulin as described (Gard et al., 1990). The distribution of Cdc25A protein is visualized with affinity-purified
Cdc25A antibodies (A and D), and the a-tubulin fluorescence of the same cell shows the interphase microtubule array (B and E). (C and F)
erged images of A and B and D and E, respectively. Bars, 20 mm. In D, the Cdc25A antibody was blocked by preincubation with an excess
amount of recombinant Cdc25A protein (20 mg/ml). (b) Wild-type Cdc25A advances the timing of cell division. Embryos were injected at
the one-cell stage, between 30 and 80 min after fertilization, with either 2.2 ng of purified wild-type Cdc25A protein or an equal volume
(22 nl) of buffer (20 mM Hepes, pH 7.5, 88 mM NaCl, 7.5 mM MgCl2, 10 mM b-mercaptoethanol) and maintained in 0.13 MMR containing
% Ficoll. When the buffer-injected embryos reached Stage 2, they were photographed with a Wild Heerbrugg dissecting microscope
quipped with a 35-mm camera. (c) Catalytically inactive, Cdc25A (C432A) slows the rate of cell division. Purified phosphatase-dead
dc25A (C432A) protein or buffer was injected into one-cell embryos as in (b) and photographed when the buffer-injected embryos reached
tage 7.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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387Cdc25A in Early Xenopus Embryoscycles 2–12 (Ferrell et al., 1991; Hartley et al., 1996). The
present results reflect the much greater specificity and
sensitivity of the phosphospecific Cdc2/Cdk2 antibody em-
ployed here compared to the non-sequence-specific anti-
phosphotyrosine antibodies available previously. In pre-
FIG. 5. Phosphorylation and deactivation of Cdc2/Cdk2 following
injection on Cdc2/Cdk2. (Top) Embryo extracts prepared as in (Fig.
cyclin E antibodies, and histone H1 kinase assays were performed a
amounts of histone H1 kinase activity for the two Cdk complexes,
cyclin B1/2 and cyclin E immunoprecipitates, respectively. Similar
immunoprecipitates described above were probed on Western b
molecular weight markers is indicated on the left. (b) Tyr15 phosph
Cdc25A (C432A), or catalytically inactive Cdc25C (C457A) were co
blotted with a tyr15 phospho-specific antibody.MBT cycles 2–12, the level of Cdc2/Cdk2 tyr15
phosphorylation is only 10% of that present in the first cell
c
k
Copyright © 1999 by Academic Press. All rightycle (Fig. 6a), perhaps because of increased Cdc25A expres-
ion. It is not immediately clear why the embryo would
tilize an additional isoform of Cdc25 to dephosphorylate
dc2/Cdk2 in pre-MBT cell cycles than is used during
ocyte maturation. However, one difference between oo-
tion of catalytically inactive Cdc25A. (a) Effect of Cdc25A (C432A)
ere subjected to immunoprecipitation using either cyclin B1/2 or
cribed previously (Hartley et al., 1997). In order to analyze similar
ct corresponding to one embryo or eight embryos was used for the
lts were obtained in three independent experiments. (Bottom) The
or the injected GST-Cdc25A (C432A) enzyme. The position of
ation of Cdc2. Embryos injected with buffer, catalytically inactive
d when buffer-injected embryos reached Stage 4, and extracts wereinjec
2b) w
s des
extra
resu
lots f
orylyte and embryo cycles is the presence of an active Wee1
inase after fertilization (Murakami and Vande Woude,
s of reproduction in any form reserved.
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388 Kim, Li, and Maller1998). Thus, for the pre-MBT cycles it may be important to
have Cdc25 activity throughout the cycle, not just periodi-
cally during entry into mitosis, the time when Cdc25C is
active in both oocytes and pre-MBT cell cycles (Hartley et
al., 1996; Izumi et al., 1992). The present results shed new
light on the data of Murakami and Vande Woude (1998),
who reported the paradoxical finding that the Wee1/
Cdc25C ratio remains high in cycles 2–12 despite apparent
absence of Cdc2 tyr15 phosphorylation, measured using a
non-sequence-specific, less sensitive, anti-phosphotyrosine
antibody. Since both dominant-negative Wee1 (Murakami
and Vande Woude, 1998) and wild-type Cdc25A (Fig. 3b)
shorten the length of the embryonic cell cycle, it seems
likely that the increasing accumulation of Cdc25A in the
FIG. 6. Periodic Tyr15 phosphorylation of Cdc2/Cdk2 after fert
indicated times, were blotted with phospho-specific Cdc2 (Tyr15)
protocol. Arrowheads indicate the timing of cytokinesis. Previous
evel of total Cdc2/Cdk2 is constant in early embryos. Similar resu
yr15 phosphospecific antibody. Recombinant GST-cyclin E/Cdk2
as purified by glutathione–agarose chromatography and preincub
mbryo extract was then blotted with either blocked or unblockedfirst cell cycle and beyond decreases the Wee1/total Cdc25
(A and C) ratio so as to support the very short cell cycles and
Copyright © 1999 by Academic Press. All rightrapid rates of cleavage in early pre-MBT embryos. After the
MBT Cdc25A is degraded (Fig. 2b), and higher levels of
phosphotyrosine in Cdc2 resulting from the unopposed
action of Wee1, may contribute to the lengthening of the
cell cycle and the ease of detection of p-tyr in Cdc2/Cdk2 at
this time. In any case the present results support the view
that the disappearance of Cdc25A is essential for cell cycle
lengthening to occur at the MBT. It seems likely that the
turnover of phosphate on tyr15 in Cdc2/Cdk2 in early
embryos is rapid since both Wee1 and Cdc25A are active
and have dramatic effects when their ratio is altered experi-
mentally. It is unclear at present what advantage this high
turnover imparts to the cell cycle.
Previously two peaks of cyclin E/Cdk2 activity have been
ion. (a) Western blot analysis. Embryo extracts, prepared at the
ody (New England Biolabs, Inc.) according to the manufacturer’s
lts (Rempel et al., 1995; Hartley et al., 1996) have shown that the
ere obtained in five independent experiments. (b) Specificity of the
phorylated on tyr15 in Sf9 cells by coinfection with human Wee1
with the tyr15 phospho-specific antibody for 2 h at 4°C. A Stage 9
body and visualized with ECL.ilizat
antib
resu
lts w
phosobserved in each of the early pre-MBT cell cycles (Hartley et
al., 1996). One peak is in S phase and a variety of evidence
s of reproduction in any form reserved.
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389Cdc25A in Early Xenopus Embryossuggests cyclin E/Cdk2 can provide an essential function
for DNA synthesis in egg extracts (Strausfeld et al., 1996).
Moreover, recent data show that cyclin E/Cdk2 is also
required for centrosome duplication in egg extracts (Hinch-
cliffe et al., 1999), which also occurs in early S phase. The
second peak of cyclin E/Cdk2 activity occurs just prior to
mitosis and appears to play an important role for entry into
mitosis. Studies in which cyclin E/Cdk2 function is com-
promised either by Cdk inhibitors or by immunodepletion
show that mitotic entry is greatly delayed if cyclin E/Cdk2
activity is reduced (Guadagno and Newport, 1996; Hartley
et al., 1997), but the molecular events controlled by cyclin
E/Cdk2 at the G2/M transition have not been elucidated.
In embryos injected with Xic1 to inhibit cyclin E/Cdk2
nd slow down each cell cycle by about 25%, the cumula-
ive effect on cycles 2–12 is sufficient to delay the MBT by
pproximately 2 h (Hartley et al., 1997). At present altered
yclin E/Cdk2 activity is the only known perturbation that
an change the timing of the MBT, some aspects of which
re unaffected by inhibition of DNA or protein synthesis
Hartley et al., 1997; Howe and Newport, 1996). However,
mbryos in which cell cycles are lengthened by injection of
ead Cdc25A also have a cumulative developmental delay
Fig. 3) and a delay in initiation of the MBT. Preliminary
xperiments indicate that injection of both Xic1 and
hosphatase-dead Cdc25A causes no greater delay in the
BT than with injection of either one alone. Therefore, it is
ikely the delay in timing of the MBT in dead-Cdc25A-
njected embryos is due to the increased tyr15 content and
nhibition of cyclin E/Cdk2 (Fig. 3). This is also suggested
y the relatively larger fraction of injected dead Cdc25A
ound by cyclin E/ Cdk2 vs cyclin B/Cdc2 (Fig. 5a). Al-
hough early MBT events occurred in delayed embryos,
evelopment generally did not continue beyond Stage 10,
nd many embryos underwent apoptosis at later times.
It has previously been unclear what mechanism could
ccount for the fluctuations in cyclin E/Cdk2 activity
uring each pre-MBT cell cycle. The level of cyclin E is
onstant (Hartley et al., 1996), and the level of Xic1, the
nly Cdk inhibitor present at this stage of development, is
onstant and too low in abundance to affect total cell Cdk
ctivity significantly (Shou and Dunphy, 1996; Su et al.,
995). The present results showing that cyclin E/Cdk2
omplexes undergo periodic tyr15 phosphorylation and are
egulated by Cdc25A suggests that changes in tyr15 phos-
horylation of Cdk2 may underlie the oscillations of cyclin
/Cdk2 activity in pre-MBT cycles. Previous work in Xe-
opus egg extracts and in early embryos showed that the
ength of a pre-MBT cell cycle can be controlled by the rate
f cyclin B accumulation (Hartley et al., 1996; Murray and
irschner, 1989). Subsequently, the activity of cyclin
/Cdk2 was also shown to be important for controlling the
ength of the cycle (Guadagno and Newport, 1996; Hartley
t al., 1997). From the results in this paper on Cdc25A and
he data on Wee1 expression in early embryos (Murakami
nd Vande Woude, 1998), it is evident that enzymatic
egulation of tyr15 phosphorylation of both Cdc2 and Cdk2
Copyright © 1999 by Academic Press. All rightlso plays a key role in determining the short length of
re-MBT cell cycles in Xenopus.
The present results on control of cell-cycle timing are
nteresting in relation to studies in Drosophila on the
roduct of the String gene. String encodes a Cdc25 homolog,
nd the product is present throughout the early embryonic
uclear divisions before the maternal to zygotic transition
MZT) at cycle 14 (Edgar and O’Farrell, 1989). Studies in
hich String expression is changed show that it controls
he level of phosphotyrosine in Cdc2 and can also control
he timing of the MZT (Edgar and Datar, 1996). At the
ZT, maternally expressed String mRNA and protein are
egraded (Edgar and Datar, 1996; Edgar and O’Farrell, 1989),
imilar to the finding here with Cdc25A. It is evident that
dc25A in Xenopus may play a role in pre-MBT cell cycles
nalogous to that seen for maternal String in pre-MZT cell
ycles in Drosophila embryos. In both Xenopus and Dro-
ophila, the high maternal expression of “G1” regulators
like cyclin E and Cdc25 has suggested that the absence of a
G phase may depend on this high expression. The evidence
presented here with Cdc25A supports this “G1 accelera-
tion” concept and also provides direct evidence that in
Xenopus, like in Drosophila, changes in Cdc25 expression
are a basic element of altered cell-cycle control at the MBT.
It is of some interest that in Drosophila maternal Cdc25
disappears several cycles before maternal cyclin E, whereas
in Xenopus the converse is true. In addition, in Drosophila
the first G phase to be introduced is G2 (Edgar and O’Farrell,
1989) whereas in Xenopus it is G1 (Frederick and Andrews,
1994). Nevertheless, the idea is attractive that down-
regulation of “G1” regulators is a conserved element in
aternal to zygotic transitions in different organisms.
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